We report the high-speed performance of semipolar GaN ridge laser diodes at 410 nm and the dynamic characteristics including differential gain, damping, and the intrinsic maximum bandwidth. To the best of our knowledge, the achieved modulation bandwidth of 6.8 GHz is the highest reported value in the blue-violet spectrum. The calculated differential gain of ~3 x 10 -16 cm 2 , which is a critical factor in high-speed modulation, proved theoretical predictions of higher gain in semipolar GaN laser diodes than the conventional c-plane counterparts. In addition, we demonstrate the first novel white lighting communication system by using our near-ultraviolet (NUV) LDs and pumping red-, green-, and blueemitting phosphors. This system satisfies both purposes of high-speed communication and high-quality white light illumination. A high data rate of 1.5 Gbit/s using on-off keying (OOK) modulation together with a high color rendering index (CRI) of 80 has been measured.
semipolar/nonpolar crystal orientations also reported 1 GHz bandwidths by taking the advantage of the reduced polarization-induced electric field offering low carrier lifetimes and high modulation bandwidths. 7, 8 Superluminescent diodes (SLDs) are attractive light emitters exhibiting the advantages of speckle noise-free, high output power, and spatial coherence. In addition, SLDs can be high-speed transmitters, overcoming LED limitations. Relatively high modulation bandwidths can be achieved by fast carrier recombination from amplified spontaneous emission. Recent work has demonstrated SLDs with different designs and reported the highest modulation bandwidth up to 800 MHz, which is comparable with μLEDs.
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Laser diodes (LDs) have been the most popular transmitter for emerging telecommunication technologies. Properties, including spatial coherence, narrow spectral linewidth, compactness, and high modulation bandwidth, make LDs exceptionally suitable for both fiber optic and free space communication. Furthermore, the high perfection of the GaAsand InP-based material systems boosted the development of more advanced devices such as distributed Bragg reflector (DBR), distributed feedback (DFB) lasers, and vertical cavity surface emitting lasers (VCSELs). Even though GaAs-and InP-based telecommunication transmitters cover a wide range of the spectrum from 650 nm (AlGaInP/GaAs) to 1650 nm (InGaAsP/InP), shorter wavelengths below 600 nm require GaN-based material systems. Previously, most GaN LDs were developed for data storage, automotive lighting, medical, and projector applications. Recently, many studies have reported LD-based solid-state lighting by taking an advantage of high output power and an absence of efficiency droop at high current density. 10 With the advent of VLC and Li-Fi applications, GaN LDs now gain more momentum as a data transmitter since communication capabilities were already proven in other III-V systems. Researchers reported the modulation bandwidths of 1.4 GHz and 2.6 GHz with on-off keying (OOK) data rates of 2.5 Gbit/s and 4 Gbit/s using commercial LDs emitting at 422 nm and 450 nm, respectively. 11, 12 These results imply that LDs without any optimization for communication have higher bandwidths than other reported VLC transmitters such as μLED and SLDs. Red, green, and blue (RGB) lasers were modulated to increase the data rate (> 10 Gbit/s) as well as generate white light with higher modulation schemes such as wavelength division multiplexing (WDM) and orthogonal frequency division multiplexing (OFDM). 13, 14 More practical approaches for white light communication were reported by using different color converters (typically phosphors). Even though the response in LEDs suffers from comparatively slow relaxation lifetimes of phosphors, LDs with phosphors have shown OOK data rates of 2 Gbit/s without significant negative effects from the color converting process. 15, 16 Many advantageous merits of LDs over LEDs point to the need for more advanced studies of LDs for VLC.
Here, we discuss the high-speed properties of edge-emitting InGaN/GaN quantum well (QW) LDs grown on a semipolar crystal orientation comprising a novel laser-based white lighting communication system. At first, we give an overview of the fundamental difference of modulation limits in LEDs and LDs and the benefits of semipolar/nonpolar GaN for modulation capability. Then, device results and analysis for semipolar near-ultraviolet (NUV) edge-emitting LDs, followed by extracting important parameters. Finally, we demonstrate a NUV laser-based data transmission system by utilizing red-, green-, and blue-emitting phosphors offering Gbit/s data rates as well as high color rendering index (CRI).
FUNDAMENTALS OF MODULATION FOR LASERS AND LEDS
Typical LED chips for solid-state lighting are designed with large emission areas from 0.1 mm 2 to 1 mm 2 to generate high optical output power for illumination. However, for communication purposes, since the capacitance scales with device area, the modulation bandwidth is typically limited by RC parasitic effects. 2, 8 For μLEDs, which are optimized to minimize parasitic effects, the optical response and modulation bandwidth are mainly determined by the differential carrier lifetime (τ) described by:
where n is the carrier density in the QWs and A, B, and C are the Shockley-Read-Hall nonradiative, radiative, and Auger recombination coefficients, respectively. From the relationship (1), the differential carrier lifetime is inversely proportional to the carrier density in the QWs corresponding to the injected current. But the differential carrier lifetime is saturated at high carrier density due to combined effects, such as phase space filling. 18 Thus, the carrier lifetime of typical LEDs can be reduced on the order of ns, while the shortest reported value of μLEDs is 0.1 ~ 0.2 ns with the advantage of operating at high current density. 4, 18 The highest reported bandwidths in QW LEDs are saturated near 1 GHz (GaN) and 1.7 GHz (GaAs). 4, 6, 7, 19 
For LDs, the behavior of photons in the cavity is directly coupled to the injected carriers due to the stimulated emission. Thus, the small signal response can be derived from the following two rate equations in terms of injected carrier density and photon density in the cavity:
where s is the photon density in the active region, is the injection efficiency, I is the injected current, q is the electron charge, V is the volume of the active layer, and τ and τ p are the carrier and photon lifetimes, respectively. is the group velocity, Γ is the optical confinement factor, and is the threshold material gain. Under small signal conditions, a small fluctuation of gain is added onto the threshold gain by multiplying the differential gain, ⁄ , by the fluctuation in carrier density, Δn. The spontaneous emission that is coupled into the lasing mode is ignored far above the threshold for this modulation condition. The small signal modulation for both carriers and photons is proportional to a secondorder transfer function ( ( ) = /( + + )), where is the relaxation resonance frequency (or = 2 ⁄ ) and is the damping factor. Since the modulation bandwidth can be estimated from the resonance frequencies in low damping regime, analyzing the resonance and damping characteristics is important for high-speed capabilities:
Different from the first order transfer function of the response of LEDs, the LDs have a second harmonic transfer function with a resonance due to strong coupling of the carriers and the photons. After the onset of lasing, the stimulated emission is the dominant process for photon generation rather than spontaneous emission, and the fast photon lifetime turns to be the main limiting factor for modulation bandwidth of LDs. Even though gain compression typically occurs before reaching the photon lifetime limit, typical reported bandwidths are above several GHz with the highest reported edge emitting LDs up to 30 GHz in GaAs and InP LDs. 
HIGH SPEED SEMIPOLAR LASER DIODES: DEVICES
For GaN-based LDs, the most preferred crystal orientation is polar (0001) c-plane because this is the established orientation for LED and now large area bulk c-plane substrates, produced by hydride vapor phase epitaxy (HVPE), are widely available. LDs grown on c-plane GaN suffer from polarization-induced electric fields, leading to shifted electron and hole wave-functions. 23, 24 Also, a high density of states (DOS) due to the balanced biaxial in-plane strain causes relatively high threshold current densities. Semipolar and nonpolar LDs have been predicted to have higher optical gain than c-plane LDs due to a higher wave-function overlap, a reduction in the density of states via separation of the three valence bands and natural dipole emission. [25] [26] [27] Recent studies have shown significant improvements in high-power performance and lower threshold current densities of semipolar/nonpolar LDs. [28] [29] [30] [31] [32] It is also expected to have high modulation bandwidth and high-speed performance for semipolar/nonpolar LDs due to higher differential gain and lower threshold current density as shown in Eq. After the MOCVD growth and p-GaN activation, the sample was first cleaned by aqua regia (1:3 HNO 3 :HCl). Each step was patterned by stepper lithography. Since the ridges are narrow down to 1.5 μm wide, a self-aligned process was used to form effective sidewall passivation. Ridges were formed by reactive ion etching (RIE) using Cl 2 /BCl 3 . As a selfaligned process, instead of stripping off the photoresist (PR), 200 nm of SiO 2 was deposited as a passivation layer onto the field area and ridge sidewalls via sputtering, followed by lift-off on the top surface of the ridges. After wet etching a portion of the SiO 2 layer by HF, the n-via was etched by RIE using Cl 2 /BCl 3 down to the center of a 500-nm n + -GaN layer to form the topside n-type contact. Ti/Al/Ni/Au (15/100/100/100 nm) n-contacts were deposited by an electron beam evaporator, followed by rapid thermal annealing (RTA) with an N 2 ambient environment at 450 ºC to lower the contact resistance. Pd/Au (30/100 nm) p-contacts were deposited on top of the ridges, followed by common pad metals of Ti/Au (15/1000 nm) for both p-and n-pads. Mirror facets were formed by RIE using Cl 2 /BCl 3 and were left uncoated as shown in Fig. 1(b) . Corresponding simulation for lateral and longitudinal modes was performed as shown in Fig. 1(c) and (d). The full structure is shown in Fig. 1(a) . The light-current-voltage (L-I-V) characteristics of the different cavities (1.5 µm, 2 µm, and 3 µm wide with varying lengths from 600 µm ~ 1800 µm) were measured to investigate the performance of the output power under CW operation at 20 ºC. The result of 1.5 µm × 900 µm long were representatively shown in Fig. 2(a) . The large amount of spontaneous emission was obtained below threshold current since the light output was measured in the integrating sphere. The threshold current (I th ) and threshold current density (J th ) were 180 mA and 13.3 kA/cm 2 , respectively, with a corresponding threshold voltage (V th ) of 5.7 V under CW using a two-probe measurement. The spectral characteristics were measured by an optical spectral analyzer (OSA, YOKOGAWA AQ6373B) under pulsed input with a 0.5 % duty cycle. The spectra of 1.5 μm × 900 μm are shown in in Fig. 2(b) . The dominant lasing peak starts near 408.7 nm and the cavity modes exist at 1.0I th (inset of Fig. 2(b) ), and the lasing peak red shifts from 1.3I th to 2.5I th , with 10 pm full width half maximum (FWHM), which is expected due to the resolution limit of OSA. This red shift might be due to the gain spectra shifts or band shrinkage as current increases. A calculated injection efficiency of 80 % was obtained by fitting the lowest value of differential efficiency on different cavity length of LDs as shown in Fig. 2(c) . Internal loss was also calculated to be 16.8 cm -1 for R = 0.054 of non-vertical facets with 6 º angle generated by RIE etching. As shown in Fig. 3(a) , the frequency response of the 1.5 µm × 900 µm long LD cavity was measured using a 10 GHz GaAs p-i-n PD (ALPHALAS UPD-30-VSG-P), although the actual bandwidth of PD was limited to near 7 GHz for the blue-violet spectrum. The highest measured 3-dB bandwidth of the LD was 6.8 GHz at 270 mA of drive current. This is the limitation of the measurement setup due to the PD, not the device limit. The LD is also expected to obtain higher 3-dB bandwidths with a higher speed PD that covers the UV-violet spectrum. To the best of the authors' knowledge, this is the highest reported modulation bandwidth in the blue-violet spectral range and of any III-nitride QW LDs. Figure. 3(b) shows the dependence of the relaxation resonance frequency on the drive current for different cavity sizes. The slopes are dependent on cavity size, not internal parameters, resulting in similar differential gains as expected. The slopes range from 0.75 GHz/mA 1/2 for the largest area of the cavity to 0.26 GHz/mA 1/2 for the smallest area of the cavity. Calculated differential gains are 2.3 ± 0.5 × 10 -16 cm 2 for different cavities by using the formula (5), mentioned in section 2. These values are in a good agreement with the reported differential gains of other III-nitride QW LDs and even comparable with those of quantum dot (QD) and nanowire (NW) LDs. [36] [37] [38] [39] [40] Compared to conventional polar c-plane LDs, the differential gain of semipolar (202 1 ) LDs are expected to be higher due to the higher electron-hole wave-function overlap in the lower density of states. 25, 41, 42 At low power operation, where gain compression is not significant, high differential gain leads to a higher f R , resulting in a higher modulation bandwidth. 43 At high power, the gain compression becomes dominant effect due to high photon density in the cavity. Thus, damping factor is critical to limit the modulation bandwidth. The calculated K-factors were approximately 0.3 ns ~ 0.4 ns from the data points of three small cavities (2 µm × 900 µm, 3 µm × 900 µm, and 2 µm × 1200 µm) before RC parasitic effect occurs. From K-factor, the gain compression factor and intrinsic maximum bandwidth can be extracted to be 7.4 × 10 -17 cm 3 and 27 GHz, respectively. 
DEMONSTRATION OF WHITE LIGHTING COMMUNICATION SYSTEM: SYSTEMS
Compared to white light generated using blue-emitting LDs pumping YAG:Ce phosphors, white light generated with a near ultraviolet (NUV) or violet LDs pumping red-, green-, and blue-emitting (RGB) phosphors shows expected improvements in both color rendering index (CRI) and correlated color temperature (CCT). 10, 15, 45 Additionally, the spectral intensity of sunlight is lower in the NUV and violet spectral range than in the blue spectral range that is typically used for III-nitride emitters in solid-state lighting systems. As a result, NUV LDs enable VLC systems that can be robust in the presence of high intensities of sunlight, for example, in a room with many windows. Thus, NUV LD-based VLC is a potentially attractive approach to achieve high performance white lighting and VLC functionalities. The white lighting, free-space data transmission link was established by using a 409 nm NUV LD with RGB phosphors mixed in silicone, as shown in Fig. 4(a) . The semipolar (2021 ) LD was used as a transmitter. Specific cavity size of 4 μm × 1200 μm having single lateral mode was chosen to generate uniform white emission as well as stable high data rate as shown in Fig. 4(b) . The on-wafer LD was mounted on a microwave ground-signal (GS) probe station with a heat sink and a thermoelectric cooler (TEC). The phosphor mixture was installed in front of the LD with 1-2 cm spacing, followed by polyethylene terephthalate (PET) diffuser to provide uniform white emission. The transmitter (Tx) and receiver (Rx) lenses were properly installed to collimate the emitted beam as shown in Fig. 4(a) . To investigate any effects of solar light, a 300 W Xenon lamp solar simulator (Enlithetch SS-F5-3A) with an illumination area of 5 cm × 5 cm was installed behind the laser chip for improved coupling to the lens. Contrary to previous work, an optical blue-filter was not required in the current LD-based white lighting setup as the current LD is not significantly affected by phosphor response based on our previous investigation. 15 The emitted photons are received at the 1 GHz avalanche photodetector (APD, Menlo System APD 210), which is placed 15 cm from the emitted light. The reason to choose 1 GHz APD is to collect diffused white emission at large active area rather than 10 GHz p-i-n PD used in previous section. Excitation and emission spectra of the individual phosphors were measured using a fluorometer (Horiba) with a 15 cm integrating sphere (Quanta-ϕ) attachment for quantum yield measurements. The white light emitted from the LD and RGB phosphor mixture was measured using an Ocean Optics HR 4000 spectrometer, and phosphor emission. ), and white emission of RGB mixture excited by 409 nm LD (black cross for LiFi) in this system. The CIE coordinates of the LD-VLC RGB mixture for different laser currents lies close to the Planckian locus and red-shifts (decreasing coordinated color temperature) to warmer white light as drive current to the LD increases.
The excitation and emission properties of the RGB phosphors used are shown in Fig. 5(a) , respectively, and were mixed in silicone in a ratio of 1:1.5:3 to achieve white emission. 46 Each phosphor was separately measured for external quantum yields of 74%, 78%, and 78%, respectively and commission Internationale de l'Eclairage (CIE) chromaticity coordinates of (0.65, 0.36), (0.27, 0.64), and (0.14, 0.08), respectively, as shown in Fig. 5(b) . The coordinates for each phosphor create a large triangle in the CIE diagram for potential white emission. The CCT and CIE coordinates obtained by white emission of 409 nm NUV LD exciting RGB phosphor mixture (labeled as LiFi in Fig.  5(b) ) ranged from 4700 K to 4050 K with increasing current from 100 mA to 600 mA where the CCT is finally saturated (Fig 2b) . A maximum CRI value of 80 was obtained at 500 mA, which is significantly improved compared to the previously reported value of 58 for blue LD and yellow phosphor. The spectral characteristics of the white emission is shown in Fig. 6(a) . The peak of LD emission appears at 409 nm with only a 1 nm wavelength shift above the lasing threshold (> 300 mA) with the advantage of semipolar (2021 ) GaN. The red-and green-phosphors show peak emission wavelengths of 650 nm and 520 nm, respectively. Blue phosphor emission was comparatively weak due to low absorption at 409 nm excitation. Increasing blue emission could be either accomplished via higher blue phosphor loading and/or higher quantum yield blue emission, which could improve device efficiency and achieve a slightly higher CRI. In addition to the quality of the white light, NUV LD-based VLC system is expected to have significant advantages in VLC since the narrow spectrum close to UV only covers lowest level of the sunlight spectrum. Thus, with a proper optical filter, the VLC system using violet or NUV LD has a higher signal-tonoise ratio (SNR) than a blue LED or LD-based VLC system. Data transmission of non-return-to-zero (NRZ) on-off keying (OOK) modulation was performed to evaluate the data rate of NUV LD-based white light communication system. A 2 10 − 1 of pseudo-random binary sequences (PRBS) was generated from bit error rate tester (Agilent N4903B J-BERT) to obtain both a bit error rates (BERs) and eye diagrams by using a digital communications analyzer (Agilent 86100). Figure. 6(b) shows the dependence of BERs on received optical power at different data rate including 622 Mbit/s, 1.06 Gbit/s, 1.25 Gbit/s, and 1.5 Gbit/s. The BER of white light data link passes the forward error correction (FEC) criteria of 3.8 × 10 -3 at 1.5 Gbps with a BER of 1.8 × 10 -3 as the highest achieved data rate. Since the bandwidth of APD limits the system bandwidth at 1 GHz, it is expected to achieve higher data rate than 1.5 Gbps with proper higher-speed PD. The data rate can also be improved with higher order modulation scheme such as quadrature amplitude modulation (QAM)-orthogonal frequency division multiplexing (OFDM), even though OOK modulation is typically used to show the capability of communication system. Figure. 
CONCLUSION
In summary, the high-speed performance of a semipolar InGaN/GaN LD emitting at 409 nm was reported with lasing characteristics, the modulation bandwidth, and dynamic parameters. The achieved modulation bandwidth was 6.8 GHz, which is at least 5 times higher than the highest reported modulation bandwidth of LEDs. Dynamic characteristics and internal parameters were discussed to prove the prediction of high gain in semipolar LD. High differential gain was obtained with 2.3 ± 0.5 × 10 -16 cm 2 improving the modulation bandwidth as well as the lasing performance. Also, the damping characteristics were studied to estimate the theoretical limit of lasing bandwidth and a modulation from gain compression and intrinsic maximum bandwidth, respectively. For the communication system, LD-based white light communication was demonstrated with a RGB phosphor mixture. The system using 410 nm NUV LD produced white light with a high CRI of 80 and a low CCT of 4050 K. This is a significant improvement over previously reported systems that used blue LDs and YAG:Ce phosphors. The system is expected to have a communication merit of a lower signal-to-noise ratio than a blue laser-based VLC system due to the low background solar light. A 1.25 Gbit/s data rate with a clear open eye diagram and 1.5 Gbit/s data rate that passed FEC were obtained by using NRZ OOK modulation. Thus, NUV laser-based VLC systems can satisfy both high quality lighting and high-speed communication.
